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Abstract

Sialic acid (SA) is a general term for a family composed of 43 derivatives of
neuraminic acid. Whereas N-acetylneuraminic acid (NANA) is the most commonly
occurring sialic acid in human. There has been a great interest in the determination of SA
in humans because variations in SA level was linked to different medical conditions and
diseases. In particular, serum SA are elevated in several types of cancers. SA also exists
in Erythropoietin (EPO), a hormone, which induces the production of red blood cells and

hence used in the treatment of anemia.

Although of the great physiological significance of SA and the attractive merits
offered by the electrochemical techniques, there was a notable absence of literature
describing electrochemical methods for the determination of SA. This surprising
observation triggered this project to develop and to evaluate the first flow injection
analysis (FIA) system as well as the first biosensor - based on amperometric transduction

- for simple, fast. direct, and reliable determination of SA for clinical applications.

The principle of the present work is based on a sequence of two enzyme,s i.e., N-
acetylneuraminic acid aldolase (NANA-aldolase) and pyruvate oxidase (PO) which
catalyze a two-step conversion of SA into H>O,, which could be detected by anodic

amperometry using platinum electrode polarized 0.6 V vs Ag/AgCl.

The first phase of the current project was to investigate the effect of ditferent
experimental variables on the generation of hydrogen peroxide by the sequence action of
the two enzymes. This initial study is carried out using the two enzymes in the soluble
form (i.e.. homogenous enzyme catalysis). The obtained optimum experimental

conditions for hydrogen peroxide generation and detection are 0.1 M phosphate bufter pH



6.3 at 37 °C. using NANA-aldolase/PO activity ratio of 1.5 and a thiamine pyrophosphate

(TPP) cofactor concentration of 0.5-2 mM.

The second phase aimed to construct an FIA system based on an immobilized enzyme
reactor (IER) and an amperometric detector for the generated hydrogen peroxide. The
IER is prepared by co-immobilization of the two enzymes on controlled pore glass beads
activated with glutaraldehyde and packed in a glass tube (3-5 cm in length). A tubular
platinum detector of large surface area is suggested in this work and proved efficient to
enhance the sensitivity of SA determination by the proposed FIA system. The entire FIA
system is evaluated under the optimum conditions obtained from the initial investigation.
The obtained linear range, analysis time, and sensitivity could be easily tuned to meet the
required performance characteristics by controlling the carrier buffer flow rate, and the
injected sample volume. The determination of SA in real samples using the proposed FIA

system is presented as well.

The third phase is devoted to the most challenging task in this project, i.e., to
construct a prototype SA biosensor which necessitated co-immobilization of the two
enzymes as well as their integration in a close proximity of platinum electrode surface.
Although, three methods are tested for enzyme immobilization. the method based on
glutaraldehyde crosslinking with BSA proved the most etficient. A novel microporous
polyester membrane is used as a substrate for the enzyme layer. which provided high
adhesion and reproducible fabrication of the enzyme layer. The optimum pH of the
crosslinked enzyme system is ~ | pH higher (~ pH 7.3) than that obtained with
homogenous catalysis. Careful optimization of enzyme layer composition and thickness
allowed stable and fast response with detection limit of less than 10 uM SA.. Protection

of the platinum surface with an inner electropolymeric layer enhanced the selectivity of



the SA biosensor in the presence of interfering oxidizable species such as ascorbic and
uric acids and acetaminophen. The favorable performance characteristics of the
developed SA biosensor allowed its successful application in the determination of SA in

simulated serum sample and real biological samples.

The obtained performance characteristics of the newly developed electrochemical
methods suggest their wide use in the numerous clinical applications and in particular as a

non-specific tumor marker and to monitor tumor therapy.

Key Words: Sialic acid: Tumor markers: Erythropoietin, Electroanalytical methods,

Amperometric biosensors: Immobilized enzyme reactors:; Flow injection analysis.
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CHAPTER 1

INTRODUCTION




1.1 Introduction

Sialic acid (SA) is a general term for a family of 43 derivatives of neuraminic acid.
which is a 9-carbon carboxylated monosaccharide (Figure 1.1).!'*) Under physiological
conditions, the carboxyl group has a negative charge which makes SA a strong organic
acid (pK, 2.2).*%) SA derivatives can be divided into four major types neuraminic acid,
N-acetyl-neuraminic acid, N-glycol-neuraminic acid and deamino-neuraminic acid.”!
Neuraminic acid. which has an amino group in position 5 of the sugar ring. doesn’t occur
in nature. The other types of SA result from the substitution of the amino group of
neuraminic acid with other functional groups, such as an acetomido, a glycol or a
hydroxyl group. Deamino-neuraminic acid or 2-keto-3-deoxy-neuraminic acid is formed
by the substitution of the amine group with a hydroxyl group. Deamino-neuraminic acid
is found as a minor component in mammalian tissues and cells as well as in sperms and
eggs of fish. Its elevated levels has been separated in fetal cord blood and ovarian cancer
cells. -4 N-glycol-neuraminic acid (Neu5Gc) and N-acetyl-neuraminic (NeuSAc) acid
which form from the substitution of the amine group with a glycol or an acetomido group,
respectively. are the most abundant forms of SA. I Neu5Ge acid is commonly found
in many animal species. Yet, in humans, only trace amount of Neu5Gc acid is found, and
only in particular types of cancer. NeuSAc acid is the most commonly occurring SA

3 . . 22.5-
derivative in humans.!'*>7

These main types of SA, can also be O-substituted at the hydroxyl groups at positions
4, 7. 8 and 9 with other groups, such as acetyl, methyl, lactyl or sulfate groups.* 7 The
O-substituted derivatives further increase the variety and number of SAs.'®) O-acetylated

% . 3 . 1 8
derivatives of SA are normally found in the plasma of mammalian speCIes.[ ]



OH COOH

(A) HO\\\“\‘ O OH

HOH,C HN

(B) o COOH
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Figure 1.1: The chemical structure of (A)- N-glycolylneuraminic acid. (B)- N-

acetylneuraminic acid, (C)- representive structure of N-acetylneuraminic acid and their

most common modifications.



SAs rarely occur freely in nature. as they are generally found as terminal sugar
residues on oligosaccharides of glycoproteins, glycopeptides and glycolipids,!' 5!
which exist on the inner and outer membrane surfaces.®) SA can also be found as
polysialic acid, which is a long linear polymer composed entirely of negatively charged
SA residues. Polysialic acid is found in the brain of vertebrates and is associated with the
neural cell adhesion molecules."”! In humans, SA exist in body tluids including saliva,
gastric juice, tears and human milk.!"! They are also found in healthy human urine freely
or complexes with oligosaccharides.m The normal total sialic acid (TSA) level in serum
and plasma has been found to be in the range of 1.58 —2.22 mmol/L (0.52-0.73 g/L). (5.11]
with the free form only constituting 0.5 — 3 pumol/L and the lipid associated forms 10— 50

pmol/L.u‘Sl

1.2 Physiological roles of sialic acid

SA is considered a major participant in many biological functions. Due to its large
negative charge and high acidity. SA plays a role in the transport and binding of
positively charged molecules and can increase the repulsion forces between ditterent cells

o 45,9 12
surfaces.!*> % 13

The repulsive effects of negatively charged SA has been shown to
prevent cell aggregation, as was observed when studying the adhesion of culture cell to
their substratum.l"! When needed. cell adhesion may be facilitated via positively charged
substances or Ca®" bridges which neutralize the repulsive effect of SA. SA also is
hypothesized to have an important role in neural structure. Neural cell membranes contain
20 times more SA than the other types of membranes. Further more. Sialo-compounds
have been shown to play an important role in the structural and functional establishment

of” synaptic pathways.[” SA also contributes in the cellular signaling processes. It is

found as an essential component in many cell-surface receptors. For example it was found



that SA has a role in the cellular action of insulin and can also modulate amino acid

transport in certain cells.!'”]

The potential of SA to be used as an antimicrobial agent is also enormous. Sialylated
oligosaccharides in human milk can act as highly specitic receptors for the variety of
viruses, bacteria and parasites. Both free and bound sialylated oligosaccharides in human
milk prevent the binding of rotavirus and cholera toxin associated with infant diarrhea. as
well as Escherichia coli strains associated with neonatal meningitis and sepsis.!"]
Generally, the functions of SA in biological systems include conformational stabilization,
protease resistance, charge, enhancement of water binding capacity, cellular recognition.

protein targeting and developmental regulation.!*> 312

1.3 Sialic acid as a biomarker

Biomarkers can be defined as living responses of a biological system to an
environmental stressor. Hence, a biomarker can be an indicator of the exposure to this
stressor. An example of biomarkers is a tumor marker, which is a substance, such as
proteins, biochemicals, or enzymes, produced by the tumor cells or the body in response
to tumor cells. As tumor cells multiply and tissue is damaged, the amount of these
substances increase and leak into the bloodstream. Tumor marker levels in the blood can
thus be used to screen people for certain types of cancer."*) SA is considered to be a

; 2 : ' 1,4-5,8-9, 12
biomarker for certain types ot cancer and other diseases.!"» +5.89.12]

Before starting discussing the role of sialic acid as a biomarker, a briet summary
about cancer in UAE will be discussed. The first international scientific account of cancer
in the UAE dates back to 1981 when it was documented that of the 209 liver patients in

Al-Qassimi Hospital (Sharjah), five cases involved primary hepatoma. A retrospective



analysis of patients admitted to Tawam Hospital during years 1980 to 1984 indicated the
presence of 1,357 cases of cancer. These included breast cancer (9%). head and neck
cancer (9%), lung cancer (7%), non-Hodgkins lymphoma (6%), acute leukemia (5%).
cancer of the cervix (5%). stomach cancer (5%). Hodgkin's lymphoma (4%). cancers of

the colon and rectum (4%), thyroid cancer (4%), and others.!"*]

Based on a review of cases involving children with malignancies in UAE from 1983-
1989, it appears that pediatric cancer may be on the rise in the UAE. On average, there
were 20 new cases of cancer diagnosed in 1983 and annually from 1985-1987. However.
this rate increased to 37 new cases in 1988 and 1989. UAE national children were the
most affected (43% of all patients) followed by other Arabs (31%). South Asians (19%).
and children of other nationalities (5.5%)."'" During the twenty years between 1983 and
2002, there were 4.941 admissions to the Pediatric Oncology Unit in Tawam Hospital.
including 1.014 new cases of pediatric cancer (ages 0-12). This translates to one new case
per week.!"”! So the detection of cancer in early stages might increase the chances of

controlling the disease and therefore saving patients” lives, especially those of children.
1.3.1 Sialic acid as a cancer biomarker

Disturbance in the metabolism of SA. either due to genetic error or at the post-
translation level, may impair physiological function or lead to disease.!"! Some genomic
changes bringing about alterations in cell membrane and/or cell organelle components
may cause degradation of cell growth and proliferation. Thus, it is not surprising that SA

b ¥y 3 3 > . 16
undergoes substantial variations during malignant transformation.!'®!

Increased serum concentrations of SA have been detected in a number of tumors,

such as pancreatic cancer, skin squamous cell carcinoma, lung, prostate, breast, ovary,



colon and thyroid cancers.!'”*®! Elevated serum levels of TSA have been reported in the
majority of patients with leukemia and solid tumors especially children.*" It was found
that serum SA level in patients with endometrial cancer was substantially higher than in

18, 20, 22 ; )
[ ! Furthermore, SA level has been correlated with the tumor size,

the healthy people.
positive lymph nodes metastasis. and advanced clinical stage in patients with head and
neck squamous cell carcinoma.!**! In the case of cholangiocarcinoma, — a type of cancer,
the clinical features are increased liver mass, upper abdominal pain, jaundice and fever.
The increase in SA levels has been positively correlated with tumor burden and the

degree of metastasis, but a correlation between serum TSA levels and tumor types or

staging of the cholangiocarcinoma could not be established.”*’!

In general, the elevated TSA concentrations are assumed to be due to the increased
activity of sialyltransferase, leading to an increased amount of SA on the cell surface and
the spontaneous release or shedding of aberrant SA containing cell surface
glycoconjugates into the plasma.*®**! In tumor metastasis. an increase in the level of cell
surface sialylation in certain cell lines has been found to be linked to their metastatic
potential,!") as the highly sialylated surfaces protect tumor cells from immune defense and
thus facilitate metastatic spread.“gl The increased sialylation may contribute to the
survival of metastasizing cells in circulatory system and to adhesion of the cells to the

endothelium at a secondary site.!']

Although the increased serum SA concentration showed a high sensitivity and

positive predictive value, its clinical utility for screening cancers is limited because SA is

(20,

non-specitic for a given disease. I The non-specificity of SA came from considering it

as a biomarker for other diseases such as: inflammation, metabolic disorders and other



health concerns such as pregnancy, aging and smoking,!" > > " 2 41 \which will be

discussed later.
1.3.2 Sialic acid as a marker for other diseases

Decreased levels of SA have also been associated with some diseases, such as
schizophrenia and Alzheimer’s disease.!"! In the case of schizophrenia, lower levels of SA
content in the glycoproteins of the cerebrospinal tluid have been reported.!"! Furthermore,
when the schizophrenia was successfully treated, the SA content rose to normal levels.!"]
In the case of Alzheimer’s patients, a decreased sialyltransferase activity, that affects the
a-2,3-linkedSA in serum glycoproteins has been reported in their serum. In these patients,

ganglioside SA content in cerebral cortex was also decreased.!")

In other cases. elevated levels of SA have been reported in diseases such as type |

1 8
[, ) 8

and 11 diabetes, and cardiovascular diseases.!"*) such as coronary heart disease (CHD
It was found that elevated plasma SA concentration is strongly related to the presence of
microvascular complications in type | diabetes and cardiovascular morbidity in the
general population.m In type II diabetes, the circulating SA concentration is elevated in
comparison with nondiabetic subjects.!"! Links between SA and risk factors for vascular
diseases, such as blood lipids, smoking, hypertibrinogenemia and lipoprotein have also
been reported.“‘ ) Studies focused on the relationship between CHD and SA content have
found that plasma SA levels are elevated in individuals with CHD, possibly due to
elevations of plasma acute phase proteins released in response to inflammation.”®’ Other

studies that have examined the relationship between lipoprotein-associated SA and the

development of CHD have shown that individuals with low levels of lipoproteins-



associated SA are at increased risk of developing CHD. However, the factors that control

the content of lipoprotein-associated SA are not known."!

TSA was found to significantly increase in patients with chronic renal failure,
chronic liver disease and pneumonia. Also. highly increased SA levels were observed in
several inherited diseases in which SA accumulates in lysosomes.”! It was found that the
concentration of SA increases with aging, smoking and pregnancy.[z’ "1t was observed
that SA is not related to gender as SA concentrations, are not different between females

and males. In some studies,!'"!

it was shown that the serum TSA increases with age in
women but not men and this could be due to menopause. While in other studies,”™'*! no
significant difference in serum TSA was found before and after menopause. Some studies

have shown that smoking increases the serum SA concentration in men but not in women,

however, no apparent explanation for this feature has been offered.!"")

Furthermore, it was found that during pregnancy SA concentrations increases in
maternal saliva and plasma.!"*) SA in saliva increases to 3 folds of its concentration at the
21-40 weeks of gestation. corresponding to the period of rapid SA accumulation in the
fetal brain. Some studies have shown significant correlations between maternal and
retroplacental blood on the one side and between maternal and cord blood on the other
side. This suggests that the mother synthesizes much of the SA, which crosses the

placenta to contribute in the fetal growth in the third trimester.!"]



1.3.3 Sialic acid and Erythropoietin

Adult humans produce approximately 2.3 million red blood cells every second.!*”!
The main regulator of this process is erythropoietin (EPO), a glycoprotein hormone
whose serum concentration is about one hundredth of most hormones in the body. EPO is
produced in the Kidneys, circulates in the plasma, and induces red blood cell production in
the bone marrow. where it binds to erythroid progenitor cells.**! EPO has been used as a
drug since 1988 primarily for the clinical treatment of anemia, especially anemia caused
by renal failure.*® Also, EPO has been used as a standard drug in the treatment cancer,

HIV infection and in the surgical setting to reduce allogenic blood transfusions.*”

Approximately 60% of the EPO molecule is protein and the remainder is
carbohydrate. The carbohydrate content consists of small, branched-chain sugars,
partially terminating in SA. The presence of SA ends on the carbohydrate slows the rate
of clearance of EPO by the liver. Clearly, the longer EPO remains in the circulation, the
greater the opportunity for it to stimulate erythroid progenitor cells located in the bone
marrow.!” It was found that the removal of terminal SA from carbohydrates chains of
urinary EPO increased their in vitro activity but abolished the in vivo activity completely.
The latter is thought to be due to rapid metabolic clearance by binding of EPO to hepatic
receptors recognizing exposed galactose residues.*® So, the number of the SA residues
and the branching pattern of the N-linked oligosaccharides modify the pharmacodynamics,

speed of catabolism and biologic activity of EPO.[*¢!

Due to the great importance of SA and its physiological role as a biomarker, various
colorimetric and chromatographic methods for its quantification have been developed. A

survey of these methods will be discussed in the following section.



1.4 Analytical methods for the determination of sialic acid

The classical colorimetric methods suggested for SA determination suffer from
sensitivity or selectivity limitations. These methods utilize different reagents such as
perchloric acid/tryptophane,”*®! hydrochloric acid,*” diphenylamine,®"! and ethanoic

acid/sulphonic acid.”]

1.4.1 Colorimetric assays
1.4.1.1 Orcinol method

The orcinol reagent reacts with SA in the presence of ferric ions and hydrochloric acid
at 100 °C. The chromophore produced is extracted by isoamyl alcohol after cooling and
then measured spectrophotometrically at 572 nm.P*! This method suffers from significant

interferences in the presence of hexoses, pentoses, and uronic acid.
1.4.1.2 Resorcinol method

This method was first described by Svennerholm.**! SA is first released by heating
with strong acid (hydrolysis) and then reacted with resorcinol and copper(ll) ions to
produce the chromophore which has an absorption maximum at 582 nm. Interferences

from pentoses. 2-deoxyhexoses, and ketohexoses have been reported for this assay as well.

Jourdian er al® enhanced the sensitivity of the resorcinol method (~ five-fold) by
oxidizing SA residues with periodic acid prior to the addition of acidic resorcinol reagent.
The periodate-rescorcinol method was adapted for the microassay of total SA using the
microtiter plate reader.”® 3" Various modifications of Jourdian's method have been

described and used for the determination of free, bound and total SA in biological fluids.®
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The potential of such sialic speciation is attributed to the effect of the oxidation duration

and temperature to measure either free, bound or total SA.
1.4.1.3 Periodic/thiobarbiturate method

This method is one of the most common methods used for the quantification of SA.!"*)
In this method, the SA is first dissociated with acid hydrolysis. Periodic acid is then used

to oxidize free SA to form formyl pyruvic acid, which in turn reacts with thiobarbiturate

(38.39]

to produce red chromophore with an absorption maximum at 549 nm. Interferences

by substances that form formyl pyruvic acids have been reported. Several organic

solvents have been suggested for the extraction of the produced chromophore such as

[39) (38) ]

cvclohexanone, butan-1 -ol, and dimethylsuIphoxide.[“0 Several recent studies

utilized different variations of the periodic-thiobarbiturate method for the assay of SA in

biological samples.!*'*!

1.4.1.4 Other Colorimetric methods

A related colorimetric method to the periodic-thiobarbiturate method based on another
sulfur containing organic reagent has been suggested as well.* A colorimetric method
for direct Sialoglycoproteins (e.g., Fetuin) has also been suggested.**) The method is
based on the reaction with acidic ninhydrin reagent at 100°C which leads to the formation
of a stable product with an absorption maximum at 470 nm. This method was applied for

. 3 - < : - 5 g : 7 4
the determination of sialoglycoproteins in ascites fluids in tumor bearing mice.[*



1.4.2 Fluorometric assays

One of the earliest tfluorometric assays was described by Hess and Rolde.*®! [n this
method, SA is heated with 3,5-diaminobenzoic acid in the presence of dilute hydrochloric
acid to form a green fluorescent compound. The assay has good sensitivity but suffers
from interference from serum lipids. Other fluorescence assays include an adaptation of
the periodic acid/thiobarbituratic acid colorimetric assay in which the chromophore is
excited at 550 nm and the emission measured at 570 nm.!*”) 2-deoxyribose has been
reported to exert as a significant interference in this assay. A tfluorometric assay suggested
by Murayama and colleagues[w] does not have the deoxyribose interference limitation. In
this assay. the free SA is heated at 70 °C for 45 min with pyridoxine. The resultant
fluorescent compound is then excited at a wavelength of 395 nm and with an emission
wavelength of 470 nm. It has been observed. however, that certain ketoacids can give a
similar fluorescence. A fluorometric method based on derivatization with 1,2-diamino-
4.5-(methylenedioxy)benzene has also been suggested for the tluorometric detection of

SA in HPLC methods.*”

1.4.3 Enzy matic assays

Several schemes have been suggested for the assay of SA based on a sequence of two
or more enzymes. which could be either free or in immobilized form. Different enzyme
combinations and their analytical products are illustrated in Figure 1.2. The enzymatic
methods that utilize pyruvate could suffer from interference from endogenous pyruvate in
the sample and so alternative enzymatic pathways have been investigated. One of these, 1>

uses neuraminidase to release SA in the free form, which is then acted upon by

acylneuraminate pyruvate lyase to form pyruvic acid and N-acetyl-mannosamine. The

=i s



latter is then converted to N-acetyl-glucosamine by the enzyme acylglucosamine 2-
epimerase and then to N-acetylglucosaminic acid and hydrogen peroxide by the enzyme
N-acetylhexosamine oxidase. The hydrogen peroxide is then linked to peroxidase and a
quinone dye, the chromophore having a wavelength maximum at 590 nm. The authors

reported little interference but this scheme involves five enzymes to work in sequence.

-13-
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Figure 12: A scheme shows a summary of the enzymatic based methods.
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1.4.4 Chromatographic methods

In general, two levels of SA analysis can be rationalized: (i) analysis of SA as
monosaccharide constituents and (ii) structural analysis of the glycan chains of
glycoconjugates. The latter is usually very complex due to the presence of the several
monosaccharides with multiple and diverse substitution. Such analytical challenge is
tackled by combination of techniques, such as HPLC, GC-MS, LC-ESI, and CE.I’¥
Critical step in SA analysis is their liberation which entails isolation of the sialylated
macromolecules and/or removal of SA residues from the glycoconjugates. A number of
sialidase or neuramindases (EC 3.2.1.18) from various microorganisms have been
characterized.*) Acid hydrolysis treatments is an effective means to liberate SA resides as
well. However, since acid treatments are always associated with some destruction of such
carbohyvdrates resides, a balance between the release and destruction of SA should be

optimized =

Direct chromatographic analysis of SA without prior derivatization has attracted the
interest of many researchers. High performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) is a powertul tool for the analysis of
carbohydrates including SA. This subject has been recently reviewed by Rohrer.®*) The
highly alkaline eluents used in HPAEC-PAD limited the range of the analyzed SA to non-
substituted ones such as NeuSAc. A direct reversed-phase ion-pair HPLC method for the
analysis of five underivatized SA has been reported as well.”) Most carbohydrates do not
possess ionizable groups and their hydroxyl groups are ionized only in extreme alkaline
conditions (pH>11). SAs are unique in that aspect due to the presence of carboxyl groups.
Dong et al utilized this feature and reported the separation of underviatized NeuSAc and

Neu5Gc in borate-phosphate buffer (pH 8.95) by capillary electrophoresis (CE).1*®



Numerous chromatographic methods for determination of SA following derivatization
have been suggested to assay different types of SA. Analysis of De-O-acetylated SA can
be derivatized with p-toluenesulfonylchloride (Tos-Cl) to yield tosyl derivatives, which
are completely resolved by liquid chromatography.”®”! The reversed phase HPLC analysis
of SA after labeling with 1,2-diamino-4.5-methylenedioxybenzene (DMB) is one of the
most widely used and highly sensitive methods for the determination of SA.’® The
acidic conditions (acetic acid) used in the DMB derivatization reaction is believed to
prevent the migration of acetyl groups from one hydroxyl group to another, and this

allows the analysis of O-acetylated derivatives as well 58

Both chromogenic and fluorogenic derivatization have been suggested for the
analysis of SA by capillary chromatography. The most widely used derivatization scheme
is the reductive amination. The carbonyl group of a reducing sugar reacts with the amino
group of the label and forms a Schiff base, which is reduced to a stable secondary amine.

(%) used 9-aminoacridone as a fluorescent label for the determination of SA by

Guttman
CE. Mechref et al’® introduced a different derivatization scheme for SA which involved
condensation of the carboxylic acid group of NeuSAC with the amino group of 7-
aminonaphthelene-1,3-disulfonic acid (ANDSA). Another derviatization schemes based

[61]

on the conversion of reducing sugars to N-methylglycamines™ ' as well as per-O-

benzoylation procedures®! have been reported for the determination of SA by CE.

Hyphenated chromatographic techniques such as gas chromatography with mass
spectrometry (GC-MS) have been successfully used for the determination for SA. Many
of these methods use a methanolysis step to release SA followed by derivatization to form
a heptatluorobutyrate derivatives.®¥) Liquid chromatography with electrospray ionization-

mass spectrometry detection (LC-ESI-MS) technique for the determination of SAs has

S li6r=



been suggested as well.*" The powerful potential of LC-ESI-MS could be due to the
combination of both retention and mass spectra data, which could allow for simultaneous
determination of about 13 members of the SA family with differences in the substitution

with N- or O-acetyl, or glycolyl ester groups.!®’!

1.5 Determination of sialic acid by chemical sensors and biosensors

Despite of the physiological significance of SA and the numerous optical and
chromatographic methods reported for the determination of SA, a comprehensive
literature search revealed a very limited number of publications describing the
development of either chemical sensors or biosensors for the determination of SA. Two
sensors were developed by Takeuchi and coworkers based on SA-molecularly imprinted
polymers (MIP) that allow thee recognition for SA recognition in both a quartz crystal

microbalance (QCM)[°°] and a surface plasmon resonance (SPR).“’”

Up to the author’s knowledge, only one publication has been cited for the
determination of bound sialic using a potentiometric biosensor.!®® This biosensor was
based on an immobilized sialidase on top of'a H'-sensitive plastic indicator electrode. The
cleavage of the linkage to the macromolecular substrate catalyzed by sialidase leads to the
liberation of SA (pAa 2.6). The resultant local pH drop constituted the basis of bound SA

quantitation.

Therefore, the aim of the present work was to combine, for the first time, the
NANA-aldolase-PO enzyme sequence with the amperometric transduction for the
generated hydrogen peroxide to allow new, simple, and reliable electroanalytical methods
for the determination of free and bound Neu5Ac, which are the most common forms of

SA in humans. In the following sections, a brief overview of the definition, classification,

Sl



techniques, and applications of biosensors with special emphasize on electrochemical

biosensors will be given.

1.6. Biosensors

69 9 3 ¢ s
6% an electrochemical biosensor is a self-

According to the IUPAC recommendations,
contained integrated device. which is capable of providing specific quantitative or semi-
quantitative analytical information using a biological recognition element (biochemical
receptor) which is retained in direct spatial contact with an electrochemical transduction
element. The biological recognition element transforms information from the biochemical
domain, usually an analyte concentration, into a chemical or physical output signal. The
purpose of the recognition element is to provide the sensor with a high degree of
selectivity for the analyte to be measured.’® The role of the transduction element

(transducer) is to translate the information received from the biological recognition

element into a measurable electrical signal.

Biosensors can be classified according to either the nature of the biorecognition
element or the transducer. The biorecognition element can be systems containing enzyme
(mono or multi-enzyme), whole cells (microorganisms such as bacteria, fungi, eukariotic

3 A " [71] .
cells, yeast). cells organelles and plant or animal tissue slice.""’ According to the nature
of the transduction element, electrochemical biosensors can be further classified into

h o S " s 72-74
conductometric. potentiometric and amperometric biosensors.! ]

Conductometric biosensors are based on the principle of change of the sample
conductivity when the biological element metabolizes uncharged substrate such as
carbohydrates or urea into ionic species.”” The limitation of the conductometric

transduction is the interference of the ionic background of the real samples which
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necessitated the use of the dual measurements.’® In biosensors based on potentiometric
transducers a membrane or sensitive surface to a desired species generates a proportional
potential to the logarithms of the concentration of the active species measured in relation
to a reference electrode. The types of potentiometric transducers can be either ion
selective electrodes (ISEs) or ion sensitive field eftect transistors (ISFETs). Both types
transducers have been utilized to construct potentiometric biosensors for several

species.m‘g”

Biosensors based on enzymes, as a biological recognition element, and amperometric
transduction modes have received the greatest attention to date by far. As they offer
several advantages in terms of sensitivity (10°-10® M, range of concentrations can be
measured), ease and versatility of construction. simplicity and cost. In addition to the
general advantages provided by the biosensors. such as minimum sample treatment
(ideally no reagents are required for the assays using biosensors), virtually nondestructive,
fast response, they can be used for small sample volumes and offer a wide scope of

applications.[”'n‘ £2553)

Because of biosensors exceptional performance capabilities, they have been found

(70, 72 (71,73, 84]

successfully used in diverse fields such as clinical diagnosis, I food analysis,

3 - . . [85-87
process control. biotechnology and environmental momtormg.[ ]

As mentioned before, biosensors based on enzymes, as a biological recognition
element have received by far the greatest attention to date, thus, improvements in
enzymes stability via immobilization can enable further practical applications. It can
reduce the required amount of enzymes, prolong the lifetime of enzyme reactors, increase

= o . . . s 8 83, 88 e
the potential for enzyme reuse. or maintain the good signal ot biosensor.! I'Some of
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the commonly used enzymes immobilization techniques will be briefly explained in the

following section.

1.6.1 Enzyme Immobilization

Generally, the biological recognition components, e.g.. enzymes can be immobilized
either physically, chemically or combination of them. The common physical methods are
adsorption to water-insoluble carrier and entrapment in water-insoluble polymeric gels.
Chemical immobilization is realized by covalent coupling to derivatized carrier or by
intermolecular crosslinking of the biomolecule."*#*) Examples of these methods will be

explained briefly.

1.6.1.1. Adsorption

The adsorption of an enzyme onto the electrode surface is the simplest immobilization
method. However. biosensors based on adsorbed enzymes are usually of short operational
life-time because of continuous leaching out of the enzyme from the vicinity of the
electrode surface.!”™ *) Anionic and cationic ion exchange resins, active charcoal, silica
gel, clay. aluminum oxide, porous glass, and ceramics are being currently used as active
material. Ideally. the carrier should exhibit high aftinity and capacity for the biomolecule
and the latter must remain active in the adsorbed state. The carrier should also neither

adsorb reaction products nor inhibitors of the biocatalyst.”"‘ Rl

1.6.1.2. Gel entrapment

Entrapment in polymeric gels prevents the biomolecules from diffusing away from
the reaction mixture. Gel entrapment is as mild a procedure as adsorption, as the

biomolecules are not covalently bound to the matrix, membrane, or to each other. The

S20=



method is therefore widely employed. The most important matrices used are alginate,
carageenan, collagen, cellulose triacetate, polyacrylamide, gelatin, agar, silicon rubber.!™®

sol-gel,° poly(carbamoy!) sulfonate hydrogel.”!
1.6.1.3. Covalent attachment

To covalently couple biomolecules, such as enzymes or antibodies, to carriers the
dissolved protein is either reacted with an activated water-insoluble carrier or
coplymerized with a reactive monomer. The reaction should involve only groups that are
not essential for the biological activity of the biomolecule. The immobilization is
conducted in three steps: activation of the carrier, coupling of the biomolecule, and
removal of adsorbed biomolecules. A disadvantage of covalent coupling is the frequently

g £ w 9
occurring loss of enzyme activity.!”®

1.6.1.4. Crosslinking

The protein molecules may be crosslinked with each other or with another,
functionally inert protein (e.g. albumin or gelatin). The biomacromolecules can also be

adsorbed to a water insoluble carrier or entrapped in a gel and then crosslinked. Among

(76] [91,94-95]

others, bisdiazobenzidine, bisisocyanate derivatives, glutaraldehyde, and

epichlorohydrinlq"] have been used as bifunctional reagents.

The advantages of crosslinking are the simple procedure and the strong chemical
binding of the biomolecules. Furthermore, the choice of the degree of crosslinking
permits the physical properties and the particle size to be influenced. The main drawback
is the possibility of activity losses due to chemical alterations of the catalytically essential

sites of the protein.l’®!



It has been found that. the properties of immobilized enzymes are governed by the
properties of both, the enzyme and the support material. A number of desirable
characteristics should be common to any material considered for immobilizing enzymes.
These include: high affinity to proteins, availability of reactive functional groups for
direct reactions of enzymes and for chemical moditications, hydrophilicity, mechanical
stability and rigidity, regenerability, and ease of preparation in different geometrical
configurations that provide the system with permeability and surface area suitable for a

chosen biotransformation.®

1.6.2. Interference to a hiosensor response

Electrochemical biosensors, in spite of the use of analyte specific molecular
recognition elements, are susceptible to interference from indogenous electroactive
compounds such as, uric acid. dopamine, and ascorbate. Ascorbate is the most
troublesome due to its comparatively high concentration and broad oxidation potential
range. Several methods have been employed to produce a combination anionic size
exclusion barrier to interfering species, including electropolymerization of pyrrole and o-
phenylendiamine, cellulose acetate, and polyestersulfonic acid for applications measuring
nitric oxide, glucose, pyruvate, and glutamate. Electropolymerized tilms show excellent

permselectivity for short periods of time, but tend to fail rapidly when operated at 37°c

et



1.7 Objectives

The Obijectives of the present work are:

I. Optimization of the experimental conditions for sialic acid conversion. by
the action of two successive enzymes. into hydrogen peroxide which

constitutes the principle of the analytical signal.

£5)

Development of a tlow injection analysis system for the determination of
SA based on immobilized enzyme reactor (IER).

3. Design. tabrication and characterization of SA enzymatic biosensor(s).

4. Assessment of the reliability of such developed amperometric method and
biosensor(s) for the determination of SA in urine and/or blood samples

from healthy individuals and patients diagnosed with cancer.



CHAPTER 11

MATERIALS AND
METHODS




2. Materials and Method

2.1 Materials and Reagents

N-acetylneuraminic acid (NeuSAc) was purchased from Toronto Research Chemicals
(Canada). N-acetylneuraminic acid aldolase (NANA aldolase) (EC 4.1.3.3) from
microorganism (24.8U/mg), pyruvate oxidase (PO) (EC 1.2.3.3) from microorganism
(10.9 U/mg) and neuraminidase (EC 3.2.1.18) from microorganism (71.8 U/mg) were
received as lvophilized powders from (Toyobo enzymes, Sorachim, France).
Aminopropy! controlled pore glass (CPG) (200-400 mesh, with average pore size ot 500
A° and 170 A° with amine content of 45 and 70 umol/g glass, respectively) and thiamine
pyrophosphate (TPP), acetaminophen (4-acetamidophenol) (AAP) and uric acid (UA)
were received from Sigma (USA). Glutaraldehyde (GA) (25% aqueous solution, grade 1)
and bovine serum albumin (BSA), fraction V were received from Sigma-Aldrich Chemie
GmbH (Germany). 1,3-diaminobenzene (m-phenylenediamine (m-PDA)), L-ascorbic acid
(AA) and 4-morpholinepropanesulfonic acid (MOPS) were received from Aldrich (USA).
I-mL Erythropoietin (Epotin) samples (4000U/vial) were received from Julphar
Pharmaceutical Co. (UAE). Chitosan (low molecular weight) was received from Fluka
(USA). Ultra-bind membranes were received trom Gelman Sciences (USA). Polyester
membranes (6 um thick) with pore size of 1.0 microns were received from Osmonics Inc.
All other chemicals were of analytical reagent grade. Enzyme solutions were prepared
immediately before the use in 0.1 M phosphate buffer. Thiamine pyrophosphate and SA
stock solutions in 0.1M phosphate buffer (PB) were prepared freshly every 3 days and

stored in refrigerator at 4 °C when not in use. All chemicals were used without further
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purification and other chemicals were of the highest available purity. All solutions were

prepared using deionized water.

2.2 Apparatus

All amperometric measurements, cyclic voltammetry (CV) experiments, and
electrodeposition were carried out using a Princeton Applied Research Scanning
Potentiostat/Galvanostat (EG&G Model 362). The potential and current analog outputs of
the potentiostat were recorded using an ADC 16 data acquisition interface card (Pico
Technology. UK) connected to a PC installed with PicoLog software (Pico Technology,
UK) for data display and storage. pH measurements were made using a combination glass
electrode and a Thermo-Orion pH/mV meter. A peristaltic pump (Mastertlex. Model
7554-95 country) and a manual sample injection valve (Rheodyne, USA Model 7125)
fitted with either 50 or 200 pL sample injection loop were used in the flow injection
system. A digital circulating water bath (Julabo, Model EC-5. Germany) was used
throughout for temperature control. All batch experiments were carried out in a 10-mL
double-jacket thermostated cell, using three-electrode electrochemical cell configuration.
An Ag/AgCl and platinum (Pt) wire were used as reference and counter electrodes,

respectively, whereas the working electrode type varied with the experiment type.

2.3 Investigation of the dual enzyme system by homogenous catalysis

This study was carried out using homogeneous enzymatic catalysis using a Pt disk
electrode (1.6 mm in diameter, BAS) as working electrode. The Pt electrode was polished
using alumina slurries, rinsed with deionized water and sonicated in distilled for 5
minutes. After this treatment, the Pt electrode was subjected to several potential cycles

cycling between -0.25 and +1.25V vs Ag/AgCl in 0.5M H>SOy at a scan rate of 50mV/sec.



In all amperometric measurements, the Pt electrode was polarized at 0.6 V (unless
otherwise stated) in the background buffer and the background current was allowed to

decay before the sample was introduced into the measurement cell.
2.3.1 Effect of buffer type

A 5-mL aliquot of either 0.1M phosphate or MOPS buffer (pH 7.2) was transferred to
a 10-mL double-jacketed cell thermostated at 28°C. TPP and SA were added to give 0.5
and 1.5 mM, respectively. The cell was turned on and the background current was
allowed to decay. Then a 20-puL aliquot of the tested buffer containing NANA-aldolase
(4.04 U) and PO (4.09 U) was added to initiate the generation of hydrogen peroxide. The
anodic current, which corresponds to the oxidation of hydrogen peroxide, was recorded

for 250 seconds at 2 Hz sampling rate.

2.3.2 Effect of the TPP cofactor concentration

A 5-mL aliquot of 0.1M PB pH 7.2 was transferred to a 10-mL double-jacketed cell
thermostated at 37°C. TPP which is the cofactor of PO, was added to give a concentration
ranges from 0 to 1.6mM. SA was added to give a final concentration of 1.5 mM. Then a
20-uL aliquot of the PB containing NANA-aldolase (4.04 U) and PO (4.09 U) was added
to initiate the generation of hydrogen peroxide. The corresponding anodic current was

recorded as described above. The eftect of TPP using MOPS bufter was tested similarly.

2.3.3 Effect of Temperature

A 5-mL aliquot of 0.IM PB pH 7.2 was transferred to a 10-mL double-jacketed cell
thermostated at the required temperature in the range of 20-58°C. TPP and SA were

added to give 0.5 and 1.5 mM, respectively. Then a 20-pL aliquot of the PB containing
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NANA-aldolase (4.04 U) and PO (4.09 U) was added to initiate the generation of

hydrogen peroxide. The corresponding anodic current was recorded as described above.

2.3.4 Optimization of pH

A 5-mL aliquot of 0.IM PB -adjusted to the required pH value in the range of 4.5-
8.52 - was transferred to a 10-mL double-jacketed cell thermostated at 37 °C. TPP and SA
were added to give 0.5 and 1.5 mM, respectively. Then a 20-uL aliquot of the PB
containing NANA-aldolase (4.04 U) and PO (4.09 U) was added to initiate the generation
of hydrogen peroxide. The anodic current which corresponds to the generated hydrogen
peroxide for each pH value was recorded as described above. The experiments with pH

5.6.6.3.6.6. 6.9 and 7.2 were carried out at 37 °C.

2.3.5 Effect of NANA-aldolase/PQO activity ratio

A 5-mL aliquot of 0.1M PB pH 7.2 was transterred to a 10-mL double-jacketed cell
thermostated at 37°C. TPP and SA were added to a final concentration of 0.5 and 1.5 mM,
respectively. An aliquot of NANA-aldolase was then added, and after background current
stabilization, an aliquot of PO was added. The PO concentration was fixed to be 4.09 U in
all the experiments. while the NAN-aldolase was added in different concentration to the
ratio of NANA-aldolase/PO as 0.246, 0.493, 0.739, 0.986, 1.232, 1.479, 1.725 and 1.972,
respectively. The anodic current, which corresponds to the generated hydrogen peroxide

for each NANA -aldolase/PO ratio, was recorded as described above.
2.3.6 Effect of the freshness of TPP cofactor
A 5-mL aliquot of 0.IM PB pH 7.2 was transterred to a 10-mL double-jacketed cell

thermostated at 37°C. TPP fresh and old stock solutions were used for this study and
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diluted with PB to 0.5 mM, respectively. SA concentration was fixed at 1.5 mM. Then a
20-pL aliquot of the PB containing NANA-aldolase (4.04 U) and PO (4.09 U) was added
to initiate the generation of hydrogen peroxide. The anodic current, which corresponds to

the generated hydrogen peroxide. was recorded for 250 seconds.

2.3.7 Effect of SA freshness

A 5-mL aliquot of 0.IM PB pH 7.2 was transferred to a 10-mL double-jacketed cell
thermostated at 37°C. TPP was added to give 0.5 mM. SA fresh and old stock solutions
were used for this study and diluted with PB to 1.5 mM, respectively. Then a 20-puL
aliquot of the PB containing NANA-aldolase (4.04 U) and PO (4.09 U) was added to
initiate the generation of hydrogen peroxide. The anodic current, which corresponds to

the generated hydrogen peroxide, was recorded for 250 seconds.

2.3.8 Effect of enzymes freshness

A 5-mL aliquot of 0.IM PB pH 7.2 was transferred to a double-jacketed cell
thermostated at 37°C. Fresh TPP and SA were added to give 0.5 and 1.5 mM, respectively.
Then a 20-pL aliquot of the PB containing NANA-aldolase (4.04 U)and PO (4.09 U) was
added to initiate the generation of hydrogen peroxide. The anodic current, which
corresponds to the generated hydrogen peroxide. was recorded for 250 seconds. The
experiment was repeated using one-week old solution of the two enzymes, one week old

NANA and fresh PO, and one week old PO and tfresh NANA, respectively.

2.4 Flow injection analysis

The flow-injection-analysis (FIA) setup used for the determination of SA was

constructed as shown in Figure 2.1. A carrier solution (0.1 M PB pH 7.2 containing



1.0mM TPP) was propelled through the system at the desired flow rate by means of the
peristaltic pump. The components of the system were connected with Norprene tubes (0.8
mm i.d.). A manual injection valve (Rheodyne. Model 7125) fitted with either 50- or 200-
il. injection loop was used for sample injection. The injected SA sample was transferred
to the immobilized enzyme reactor (IER) in which both of NANA-aldolase and PO were
co-immobilized and a corresponding amount of hydrogen peroxide was formed and
transferred to the detector. The details of both of the IER and the detector were given in

the following sections.
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Figure 2.1: Schematic diagram of the FIA experimental setup for SA determination.
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2.4.1 Preparation of the immobilized enzyme reactors (IER)

NANA aldolase and PO were co-immobilized on controlled pore glass (CPG)
according to the literature method.®® Controlled pore glass particles (average pore size
500A° or 170 A®), obtained from Sigma chemical company, were packed into a glass
column (70 mm x 2.0 mm i.d. 8 mm OD) to have the glass bed length in the range of 3.0-
5.0 cm. Cotton plugs were used to secure the glass bed from both sides. Stainless steel
tubes served as inlet and outlet to reactor fixed at both ends by means of epoxy. GA
solution (5% v/v) in 0.1M sodium carbonate was circulated through the reactor to activate
the glass beads for two hours. Then, 0.1M PB was used to wash out the excess GA for
one hour. A specified amount of the two enzymes were dissolved in 2mL of PB pH 6.3
and circulated through the column for two hours. The excess enzymes were removed by
washing the reactor with PB for one hour at flow rate of ~ I mL/min. The reactors as

prepared were kept at 4 °C when not in use.
2.4.2 Preparation of the flow-through amperometric detector for FIA setup

Platinum tubes (1.32 mm ID, 1.47 mm OD, 99.9% metal basis, Altfa Aesar) of either
1.5 or 3.5 cm length polarized at 0.6V were used as a tlow-through working electrode in
the present work. The Pt tube was electrochemically cleaned by potential cycling between
-0.25V and +1.25V vs Ag/AgCl in 0.5M H,SO; at a scan rate of 50mV/sec. The details of
the connection of the tubular Pt anode were shown in Figure 2.2. The Pt tube working
electrode was placed along with the counter and reference electrodes in a plastic container
where the effluent buffer accumulated till a certain height above which it was removed
using the second channel of the peristaltic pump. The outer surface of the Pt tube and its

electrical connection
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Figure 2.2: Detailed construction of the tubular Pt detector and the electrochemical cell.
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wire were isolated from the solution using Teflon tape. A piece of a Noprene tube was
connected to the end of the tubular detector (shown in Figure 2.2) was found to be
essential to stabilize the baseline. This tube increased the distance between the end of the
Pt tube and the effluent buffer accumulated in the container and due to the forward
motion of the butter. the diffusion of the hydrogen peroxide from previous injections

back into the tubular anode was prevented.

2.4.3 FIA determination of bound SA

A reactor was packed with 4-cm CPG bed (average size 500 A°) and activated with
glutaraldehyde as described previously. A mixture of NANA aldolase, PO and
Neuraminidase containing 434U, 285.6U and 366.2U respectively in 2mL of PB pH 7.3
was prepared. The mixture was circulated through the column for two hours. The excess
enzymes were removed by washing with PB pH 7.3 for one hour at a tlow rate of |
mL/min.. An FIA setup similar to that described in Figure 2.1 was used with the
exception that an IER with the three enzymes was used instead of the regular dual
enzyme reactor. 50-ul. Epotin samples which contain bound SA were injected. PB 0.1 M
of pH 7.3 containing 2 mM TPP and theromstated at 37 °C was used as the carrier
solution. The FIA peaks correspond to the generated hydrogen peroxide were recorded as
described previously. The peak heights were used as basis for the quantification of the

bound SA.
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2.5 Construction of SA biosensor

2.5.1 Electrochemical polymerization of m-PDA

Pt disc electrodes (2 mm in diameter and 6 mm body diameter, CH instruments, USA)
were cleaned by polishing and electrochemical treatment as described previously. Then,
poly(m-PDA) film, which acts as inner rejection layer for interfering species, was
prepared by electropolymerization using cyclic voltammetry. The film was grown from a
gently stirred aqueous solution containing 10 mM m-phenylenediamine in 0.IM PB pH
7.2. The potential of the Pt working electrode was cycled between +0.1 and +0.7V vs

Ag/AgCl at scan rate 2 mV/sec for 12 cycles (2 hours).

2.5.2 Enzyme immobilization

Both of NANA-aldolase and PO were co-immobilized by crosslinking with
glutaraldehyde and BSA. A 15-uL aliquot of the given enzyme-BSA-GA mixture solution
in PB was quickly pipetted onto the center of microporous polyester membrane (PE) (25
mm in diameter). The enzyme layer was allowed to reticulate and to dry in air at room
temperature. Then, the PE membrane was fixed on top of the platinum electrode in such
away that the enzyme layer faced the Pt electrode. This novel arrangement of the sensor
design eliminated the problem of the enzyme layer adhesion to the surface of the Pt
electrode transducer. SA biosensors prepared as such were kept at 4°C when not in use.

The biosensor configuration is shown in Figure 2.3.
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2.5.3 Optimization of Enzyme layer

2.5.3.1 Effect of Glutraldehyde (G A)

The term G/T was used to compare the extent of crosslinking. G and T refer to the w/v
%of GA and total proteins, i.e. NANA aldolase, PO and BSA. Three biosensors were
prepared by pipetting |5-uL aliquot of different enzymes mixture solutions obtained from
stock solutions GA 0.9% (w/v), BSA 9% (w/v), and enzymes solution contains 4% (w/v)
NANA-aldolase (99.2 U) and 6% (w/v) PO (65.4 U). The ratio of the enzymes (NANA
aldolase and PO) to the BSA was tixed to be 1:1 and the ratio of NANA aldolase to PO
was fixed at 1.5:1.0. In each sensor, G/T values were adjusted to 0.027, 0.048. and 0.075,

respectively.

2.5.3.2 Optimization of the total enzymes ratio

In this study, enzyme layers were prepared by pipetting 15-uL aliquot of difterent
enzymes mixture solutions containing 2.8. 3.3 and 4.4 % (w/v) of total enzymes were the
ratio of NANA aldolase to PO was fixed at 1.5:1.0 which was obtained from enzymes
solution contains 4% (w/v) NANA-aldolase (99.2 U) and 6% (w/v) PO (65.4 U). The G/T
was fixed to be 0.048 (0.3% w/v). The total protein content (NANA, PO and BSA) was
fixed to be 6.3% (w/v) which was adjusted by adding suitable volumes ot BSA solution

9% (w/v) .

2.5.3.3 Optimization of Enzyme layer thickness

A mixture of the two enzymes and BSA was prepared with the total enzymes content
of 3.3% (w/v) (NANA aldolase and PO in 1.5:1.0 ratio) and BSA 3% (w/v). The G/T

ratio was kept at 0.048. Different aliquots of the enzyme-BSA-GA mixture (10, 15 and
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20-pL.) were pipetted on top three different PE membranes. The enzyme layers were

allowed to dry and used in the biosensor construction as described above.

2.5.4 Effect of temperature and pH on the response of SA biosensor

Three similar biosensors were prepared by pipetting 15-ulL aliquot of enzyme mixture
of composition 2.2, 1.1, 3.0 and 0.3% (w/v) NANA aldolase, PO, BSA and GA.
respectively and G/T factor of 0.048. The sensitivity of these biosensors constructed with
such enzyme layer was evaluated at difterent temperatures, i.e., 25, 30, 34 and 37 °C. The
experiments were carried out using 5-mL aliquot of PB pH 7.2 containing 2 mM of TPP.
The sensitivity of the same electrodes was tested under different pH values in the range of

5.6-8.5at37°C.

2.5.5 Stability and selectivity of SA biosensor

Two batches of three biosensors each were prepared using the enzyme layer described
in the previous section and PE membranes (pore size | pm). The stability and the
sensitivity of the two batches were tested for two weeks at both optimum pH and
temperature. The sensors were kept in at 4°C when not in use. The interference caused by
the AA, AAP and UA was checked with and without the inner electropolymeric layer.
The efticiency of the poly(m-PDA) inner layer to reject the interfering species was

checked for two weeks.
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2.5.6 Amperometric Measurements

A conventional three-electrode system was used for all amperometric batch
measurements. A Pt wire served as the counter electrode and an Ag/AgCl electrode as the
reference electrode. The sensor was polarized at +0.6V. All the experiments were
performed in a 10-mL double-jacket-thermostated cell containing a magnetically stirred
SmL PB containing 2 mM TPP at 37°C. The background current was allowed to stabilize

before SA addition. The generated current was recorded as described previously.
2.5.7 SA measurements in protein solution and biological samples

To mimic serum samples, a 5% w/v BSA solution containing 2 mM SA, 0.2 mM AA,
0.2 mM AAP and 0.2 mM UA in 0.1M sodium bicarbonate pH 7.4 was prepared. The
response of SA biosensor to this complex solution was compared with the response to 2

mM SA in simple PB.

Erythropoietin samples (Epotin) were tested for the bound SA. The hydrolysis of SA
was carried out by the addition of enough amounts of neuraminidase and then the
liberated SA was measured. Blood sample for a healthy volunteer and a serum sample for
a cancer patient were also tested for free and bound SA. These samples were Kept in
anticoagulant tubes. The bound SA in the blood and serum samples was hydrolyzed by

adding enough amount of neuraminidase.
2.5.8 Immobilization of the two enzymes using chitosan and ultra-bind membrane

Chitosan membrane prepared by solvent evaporation method®® was used to co-
immobilize NANA and PO. A 0.3% Chitosan solution was prepared in 3% w/v acetic

acid. A 20-puL aliquot was taken from the solution and placed on a PE membrane (pore
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size 1pum) and left to dry at 65°C. Upon drying the membrane is neutralized with a 50-pL
aliquot of 5 mM sodium hydroxide and the excess sodium NaOH was washed oft using
0.1M PB. A 50-puL aliguot of enzymes solution contains 30 U of NANA-aldolase and
19.5 U of PO, were added and left for drying at room temperature. Then, a 50-pl. aliquot
of 0.01% GA added to the membrane for crosslinking and left for one hour. The excess
GA was washed oft using 0.IM PB pH 7.3. Another 50-puL aliquot of enzymes solution

was added and left for drying and excess enzymes was washed offt.

A third approach for enzyme immobilization was tested as well. This approach based
on the Ultrabind membranes which have aldehyde groups. Circular sections of Ultrabind
membrane were simply soaked in a mixture of the two enzymes in PB pH 7.0 overnight at

4 °C for enzyme immobilization.
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3. Results and Discussion

3.1. The dual enzyme system

The concept of using a tandem of two or more enzymes, which act on a given target,
analyte to produce (or uptake) a more detectable compound (or ion) has been utilized in
the construction of several biosensors and enzymatic analytical systems.”(’] Among
several possible intermediates, pyruvate has been a frequent intermediate species
produced by the action of the first enzyme. This normally suggested the second enzyme

(53]

as either Lactate dehydrogenase® or more commonly pyruvate oxidase (PO).** 32

(97]

Several reports utilized different enzymes such as phytase.'”"! citrate lyase -oxaloacetate

decarboxylase couple.[%] ornithine carbamyl transferase,”®® L-alanine dehydrog,enase.['OOI

(101] (102)

amino acid oxidase, octopine dehydrogenase coupled with PO to construct
biosensors for phytic acid, citrate — isocitrate, alanine, and octopine. Moreover, PO has
been co-immobilized with NANA-aldolase to construct analytical system for SA.[%*)

The generated hydrogen peroxide in this system was measured colorimetrically.

Despite of the analytical usefulness of the NANA-aldolase-PO dual enzyme system!®”

I for the quantitation of SA. up to the author knowledge that this system has not been
utilized in the construction of any biosensor for direct SA determination so far. Hence, the
primary objective of this project was to develop the first enzyme biosensor based on
NANA -aldolase-PO dual enzyme system. The sequence action of these two enzymes is as

follow

Sialic acid —NANA-Aldolase 5 Py yate + N - acetyl - D - mannosamine [1]

Pyruvate + PO; + O, ———acetylphosphate + CO, + H,0, (2]
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Anodic oxidation of the generated hydrogen peroxide offered the basis for
quantification for SA biosensor. Although, the ultimate goal was to construct SA
biosensor, this project was carried out in three subsequent phases with an individual
objective for each phase. These phases are: (i) investigation of the NANA-aldolase-PO
system and to check its suitability for the amperometric transduction mode using simple
homogenous enzyme catalysis: (i) Design, construction and optimization of a flow
injection system based on a co-immobilized NANA-aldolase and PO in an enzyme
reactor for FIA determination of SA; and (iii) final construction and optimization of
prototype SA sensor and the verification of its analytical utility. The realization of each of

the as described individual objectives is discussed in details in the following sections.

3.2 Investigation of the optimization of the condition

In this initial study, the effect of different variables were investigated using simple
homogenous enzyme catalysis. i.e., enzymes were soluble in the aqueous sample. In
addition to the advantage of being simple, addition of enzymes in soluble form eliminated
any possible variations in any series of experiments due to the immobilization step itself.
This initial study was of particular importance for the following reasons: (i) to check the
activity and stability of the purchased enzymes, (ii) to explore the feasibility of hydrogen
peroxide detection under the experimental conditions optimum for the enzymes; and (iii)
to investigate all the experimental variables, which affect the overall activity of the dual
enzyme system and/or the anodic detection of hydrogen peroxide. The outcome of such

initial study utilized in the subsequent phases of this project will be discussed later.
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3.2.1 Effect of buffer type on the generated current signal

The effect of buffer type was investigated using phosphate and MOPS butfers. All
other variables. i.e.. temperature. pH, enzyme activity. cofactor concentration were fixed
at arbitrarily reasonable values comparable to some literature relevant results.'%%) The
obtained rate curves were plotted in Figure 3.1 and showed that the generated anodic
current was about 6 times higher than that obtained in MOPS buffer. Hence. PB was used

throughout the remaining work.
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Figure 3.1: Eftect of buffer type on the generated anodic current. pH 7.2,
temperature: 28 °C. SA: 1.5 mM. TPP: 0.5 mM, NANA-aldolase: 0.81 U/ml,
PO: 0.82 U/ml.
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3.2.2 Effect of temperature on the generated current signal

Similar to chemical reaction, the rates of enzyme reactions increase with increasing
temperature; with a limit being set by the thermal stability. The effect of temperature on
both sensitivity and stability was investigated in the range 10-58 °C and the obtained data
were presented in Figure 3.2. The rate curves shown in Figure 3.2 (A) indicated that a
steady increase of the generated current was observed as the temperature increased from
10 to 37 °C. Although. higher initial rates were observed at higher temperatures (up to 50
°C) the stability of the enzymes was less at such higher temperatures as indicated by the
decrease of the generated current at temperatures higher than 37 °C. This observation was
illustrated in Figure 3.2 (B). in which the initial rates as well as the current signals were
observed after 200 seconds as a function of temperature. Therefore, unless otherwise

stated. all subsequent measurements were carried out at 37 °C.

3.2.3 Effect of TPP cofactor concentration

The effect of TPP concentration was investigated in PB of pH 7.2 at 37 °C. The data
obtained was presented in Figure 3.3. The anodic current signal was increased with TPP
concentration up to ~ 0.5 mM with a little further enhancement at higher TPP
concentration. A similar effect of TPP was observed with MOPS (data not presented).
Hence, TPP was added to the buffer solution at 0.5 mM throughout the subsequent work.
A small reduction in the current signal was observed when TPP cofactor of more than 3

days old was used. Hence. TPP was prepared freshly every 2-3 days.
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3.2.4 Effect of pH on the generated current signal

The rate curves obtained in sixteen different PBs of pH values in the range of 4.5-8.5
were obtained and plotted in Figure 3.4. The initial rate, which is a measure of sensitivity,
was plotted vs. pH in Figure 3.4B. A plateau was observed in the pH range of 5.6-6.3. A
slightly ditferent pattern with the same trend was observed when the values of the
generated currents after 150 seconds were plotted vs. pH as shown in Figure 3.4 (B). This
was attributed to the slightly different shapes of the rate curves obtained at different pH
values because of the different pH profiles of the two enz)'mes.“m"o'll It is appropriate to
mention here that the overall pH dependence of the generated anodic current is attributed
in part to the variations of hydrogen peroxide oxidation current at Pt electrode with pH.

The effect of pH at 37 °C was studied as well over a narrower pH range around the
optimum pH value obtained in Figure 3.5. The rate curves obtained were presented in

Figure 3.5. The highest sensitivity was obtained in pH 6.3.

3.2.5 Effect of NANA-aldolase/PO ratio

Although both of NANA-aldolase and PO are essential for the generation of hydrogen
peroxide from SA, it is reasonable to predict that the ratio of the enzymes will have a
dramatic eftect on the current signal. It was also predicted that either very small or very
large activity ratios would lead to small currents due to the limiting effect of one of the
enzyvmes, respectively. Therefore, this study was carried out using NANA-aldolase/PO
activity ratio in the range of ~ 0.25-2.0. The data obtained (Figure 3.6) indicated that the
current signal increased with increasing NANA-aldolase/PO ratio and a plateau was
observed at ratios greater than 1.5. Therefore, this ratio was used throughout the

subsequent work unless otherwise stated.
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3.2.6 Evaluation of the NANA-aldolase and PO stability

To evaluate the stability of NANA-aldolase and PO dissolved in 0.1 M PB pH 7.2 and
stored at -20 °C, four experiments were carried out as follows: (i) both enzymes are fresh:
(ii) both enzymes are one week old; (iii) fresh PO and one week old NANA-aldolase: and
(iv) fresh NANA-aldolase and one week old PO. The data obtained were presented in
Figure 3.7. The current signal obtained with both enzymes were one week old was 50%
of the signal obtained with fresh enzymes under identical experimental conditions. The
last two experiments indicated that NANA-aldolase and PO have different stability as

indicated by the difference in the current signals.
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3.3 Flow injection analysis of SA

The feasibility of coupling the NANA-aldolase-PO system to the amperometric
transduction was demonstrated in the previous section to utilize this finding to construct a
tlow injection system for direct determination of SA; both enzymes were co-immobilized
in a controlled-pore glass in a tube reactor. This was attempted because of the several
advantages offered by FIA, in general and the immobilized enzyme reactors (IER) in
particular "%} such as simplicity. feasibility, high sampling frequency and degree of
automation and low expense of reagents and samples,!'® %7 Several factors can affect
the sensitivity of such FIA system. Such factors include (i) sensitivity of the hydrogen
peroxide detector; (ii) activity of the enzyme reactor: (iii) injected sample volume, and (iv)
other experimental variables such as pH, temperature, cofactor, and the tlow rate of the
carrier buffer. In this study. each of these variables either were optimized or selected
according to the conclusions obtained from the homogenous catalysis study to enhance

the overall sensitivity of FIA determination of SA.
3.3.1 Optimization of the platinum detector

Flow-through hydrogen peroxide electrode can be assembled in different geometries.
However, the most obvious choice was to use a platinum disc electrode positioned in a
suitable flow cell. This arrangement provided reasonable hydrogen peroxide sensitivity.
To further enhance the sensitivity, a Pt tubular detector was suggested as a detector for

hydrogen peroxide. Tubular detectors have been used as electrochemical detectors in

(108-109]

HPLC and capillary liquid chromatography systems, as they can be either

amperometric or potentiometric detectors."'"" Although, it is generally accepted that

(i

increasing the electrode area does not enhance the signal/noise ratio, a different



conclusion can be made in case of FIA because non-steady state signals are measured and
electrodes with larger surface areas will exhaustively oxidize hydrogen peroxide and
produce larger signals. In batch measurements, such large electrodes which are capable of
exhaustive electrolysis of the sample are not expected to give steady-state signal —
(especially at low analyte concentrations) because of the fast analyte depletion. This
should not be of concern in FIA because transient (non steady state signals) are measured

anyway.!'®!

This prediction was validated by injecting different hydrogen peroxide concentrations
in the flow system equipped with Pt disc electrode and tubular Pt electrode, respectively.
The obtained FIA peaks (Figure 3.8) with the Pt tubular detector were much more
sensitive than those obtained with Pt disc electrode. This conclusion was further
confirmed by the fact that Pt tubular detector of shorter length exhibited lower sensitivity,
as will be discussed below. Based on this finding, Pt tubular detectors were used

throughout the subsequent work to enhance the sensitivity of hydrogen peroxide detection.

3.3.2 Optimization of the experimental conditions and the [ER

The next important step was to optimize the construction of the IER and the
experimental conditions to achieve the highest possible sensitivity. To do so, difterent
variables were explored such as (i) length of the IER; (ii). the pore size and the amine
loading of the commercial CPG and the amount of the added enzymes; and (iii) the other
FIA system variables. The data presented in Figure 3.9 show the eftect of the carrier flow
rate on the peak current. As the flow rate was decreased both of the sensitivity and the
peak time increased. The increased sensitivity can be attributed to the longer time

available for the enzymatic reaction as the sample passes through the IER as well as the



enhanced detector signal observed at slower flow rate and thus because of the longer
time available for the detector to oxidize H,O.. Therefore, flow rate can be selected

depending on the required selectivity and the sampling frequency.

Data presented in Figures 3.10 and 3.11 shows the comparison of the detection
sensitivity of the same IER with two Pt tubular detectors of different lengths. The longer
detector exhibited about 20% higher sensitivity. However, in each case a linear

calibration plot for SA was obtained over the tested range of 1-30 mM.

The reproducibility of the peak height obtained with the FIA system employing the
1.5- and 3.5-cm Pt tubular detectors was assessed by successive injection of 30 and 5.25
mM SA for 20 times, respectively. The data presented in Figure 3.12 showed coefficient
of variation (Standard deviation/mean) for the peak height equal to 1.4 and 0.75%,
respectively. The higher precision obtained with the longer Pt tubular detector could be
attributed for the longer sample residence time which was responsible for the higher

sensitivity as well.

To further enhance the sensitivity of FIA determination of SA to sub-millimolar level,
a longer IER (i.e., 5-cm long) was prepared. In this case, larger amount of each enzyme,
i.e.. 500 U NANA-aldolase and 400 U PO were used as. In addition, a larger sample
injection loop (200 pL) was employed. The combined eftects of these three variables
resulted in 285% enhancement of the sensitivity as shown in Figure 3.13. It is worth
mentioning that the reported relative sensitivities achieved with different experimental

condition were based on the ratios of the slopes of the relevant calibration graphs.
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Unfortunately, the enhanced sensitivity due to the increased length of the reactor and
the increased size of the injection loop was associated with relatively long recovery time
and drifting baseline as shown in Figure 3.13. To overcome this problem, the flow was
increased from 1.6 to 3.0 mL/min. Such increase in the flow rate partially resolved the
resolved the tailing problem, however it decreased the sensitivity by about ~ 1% as

shown in Figure 3.14.

Another commercially available CPG with smaller average pore (170 A) but with
higher amine loading (145 mmol/g) that would result in higher enzyme immobilization
was also tested. However, reactors prepared with such type of CPG imposed very high
pressure in the flow system. Therefore, a 1:1 mixture of the two types of the CPG was
used to prepare a new IER. A 3-cm reactor prepared in such away using 500 and 400 of
NANA-aldolase and PO, respectively was tested for SA determination. The data obtained
were presented in Figure 3.15. Unfortunately the obtained calibration graph was less
sensitive and linear that those obtained with reactors based on 500 A CPG. Therefore,

CPG with average pore size 170 A was excluded in the remaining work.

The best compromise between sensitivity, sampling frequency, baseline stability, and
moderate back pressure of the IER was offered by 4-cm IER based on CPG of average
pore size of 500 A activated with higher amount of enzymes. (750U NANA-aldolase and
500 U PO).. PB of higher pH 7.3 at flow rate of 0.33 mL and sample injection volume of
50 pL. FIA peaks, calibration plot. and reproducibility of the peak heights at two different

concentrations were presented in Figures 3.16 and 3.17, respectively.
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Long-term stability of the optimized immobilized enzyme reactor was assessed by
comparing the calibration plots obtained with freshly prepared reactor and the same
reactor one month later. The reactor was used for hundreds for SA injections and kept in
refrigerator at 4 °C when not in use. The data presented in the Figure 3.18 showed that
the reactor retained ~ 16% of its original activity after one month under the described

conditions.
3.3.3 Bound SA IER

In addition to the free form, SA occurs as well in bound form as terminal sugar
residues on oligosaccharides.“'z‘ ) To extend the potential of the described FIA method
to determine such physiologically relevant bound-SA. another IER was prepared by
immobilizing neuraminidase enzyme. which releases bound SA from its conjugates, along
with NANA-aldolase and PO. A 3-cm reactor was prepared based on CPG of average
pore size of 500 A° activated by a mixture of enzymes containing 366, 434, and 286 U of
neuraminidase, NANA-aldolase, and PO, respectively. Epotin injection sample was used
as a source of bound SA to assess such described FIA system because Fetuin (a typical
protein used as a source of bound-SA) was not available. At higher flow rate, no peaks
were detected. while the system started to detect hydrogen peroxide peaks at slower tlow
rate. This was explained on the basis of the necessary longer sample residence time
within the reactor for the action of the three immobilized enzymes to generate hydrogen
peroxide. The data presented in Figure 3.19 shows the FIA peaks correspond to diluted
(1:1 with PB) and undiluted Epotin sample. The proportional peak heights obtained for
diluted and undiluted samples nicely indicated the potential of such FIA simple system

for the quantitation of bound-SA using a suitable calibrant such as Fetuin.

-67 -



6 -
—&— Freshly prepared reactor -
1 —@— one month old reactor /
5
| [ ]
—~ 4 -
3
g w
O 24 /
[ |
1 -
| -
—
O 4_’—? 4 1 L) 1 . | S I
0 2 4 6 8 10

Sialic acid Conc. (mM)

Figure 3.18: Stability of the optimized enzyme reactor. The reactor was Kkept in

refrigerator at 4 °C when not in use.

-68 -



0.16 undiluted EPO
0.14 - ﬂ
0.124

0.10
1:1 diluted EPO

0.08
0.06

0.04

Current (1A)

0.02

(OR0[0s & ——

-0.02

al

: T T = z T - T : T 3 T ¥ 1
0 100 200 300 400 500 600 700
Time (sec)

Figure 3.19: FIA peaks obtained for both 1:1 diluted and undiluted Epotin (EPO) sample.

Carrier solution PB pH 7.3 containing 2 mM TPP, Injection loop size 50 plL.

- 69 -



3.4 Preparation, characterization and application of SA amperometric

biosensor

Although development of an FIA system for the determination of SA necessitated the
immobilization of both enzymes to prepare the IER, the construction of the biosensor
represented more challenge because an integration of the immobilized enzymes with the
amperometric transducer was essential requirement as well. Amperometric transduction
of hydrogen peroxide can be achieved by either anodic or cathodic modes. The reduction
of hydrogen peroxide occurred at low potentials by a variety ot electronic mediators such

U13) and Prussian blue.!"'® This approach offered the

as peroxidase.[”:'”” hemoglobin,
advantage of being less vulnerable to interference by redox species. However, the
complications imposed by incorporating the electronic mediators and their limited
stability!""”) compromised to a great extent the advantage of their enhanced selectivity.
Therefore, the classical anodic amperometric transduction of hydrogen peroxide at Pt

electrode polarized at +0.6 V was adapted in this project to develop a prototype SA

amperometric biosensor.

Preliminary investigations to co-immobilize NANA-aldolase and PO using GA
crosslinking indicated that PO activity was strongly aftected by the amount of GA used.
This explains the observation, that previous biosensors which incorporated PO were
constructed by physical entrapment of PO on polymeric matrices rather than covalent
immobilization. A similar sensitivity to GA crosslinking was reported by Marzouk et al
for pyruvate oxidase."" The authors reported an optimized GA:lactate oxidase:BSA
ratio which proved efficient in the immobilization of such delicate enzyme using the

harsh GA crosslinking method. Therefore, a similar ratio similar to that published for

= i)
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lactate oxidase immobilization was selected as a reasonable start to co-immobilize

NANA-aldolase-PO to construct SA biosensor, which will be subsequently optimized.

An additional novelty introduced in the current SA biosensor construction was the
utilization of microporous PE membranes for casting the enzyme layer. which adhered
strongly to the PE membrane. This eliminated the need for the strong adhesion between
the enzyme layer and the electrode substrate. The enzyme layer was then positioned in

close proximity to the Pt electrode surface by means of a Teflon cap.

3.4.1 Effect of pH of the SA biosensor response

The initially tested enzyme layer which was based on enzyme-BSA-GA ratio similar

to those previously optimized values!''®!

provided a reasonable response to SA.
Consequently, biosensors prepared using such enzyme layer were used study the eftect of
pH and temperature on the sensor response. The enzyme layer was prepared by pipetting
15-pl aliquot of an enzyme mixture solution prepared by mixing equal volumes of 0.9%

GA. 9% BSA and 10% enzyme solution (4% NANA-aldolase (99.2U) and 6% PO

(65.4U)) on a polyester membrane (1 pm pore size).

The effect of pH was studied by measuring the SA biosensor current response to |
mM SA in PB in the pH range of 5.6-8.5. The obtained responses were presented in
Figure 3.20. It was observed that the sensor response was significantly deteriorated after
being exposed to buffers of pH values greater than 8 as shown in Figure 3.20 B. The shift
of the optimum pH by about | pH unit to a higher value from the value obtained by
homogenous catalysis could be reasonably attributed the change of the enzyme

characteristics upon immobilization by crosslinking.“m]

BT



To avoid the damage of the enzyme layer at high pH values. Multipoint calibration
responses of SA biosensor were obtained in PBs in the pH range 5.60 -7.65 only as shown
in Figure 3.21. It was evident that although of the effect of pH on the sensor sensitivity.

its linear response was retained over the tested concentration range.
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3.4.2 Effect of temperature of the SA biosensor response

The eftect of temperature on SA biosensor response in the range between 25 and 37
°C was shown in Figure 3.22. Higher temperature were not attempted to avoid the
deactivation of the enzyme layer as predicted from the homogenous catalysis data. All

subsequent measurements with SA biosensors were carried out 37 °C.

3.4.3 Optimization of the enzyme immobilization conditions

The data presented in Figure 3.23 showed that G/T ratio has a dramatic effect on the
sensor response. At low G/T (i.e.. 0.03) unstable sensor response was obtained which
could be attributed to inefficient enzyme immobilization. Whereas at high value (i.e.. G/T
= 0.08) the sensor showed diminished sensitivity which could attributed to the deleterious
effect of GA on PO. Therefore, the average G/T ratio (i.e., 0.05) which showed stable
response and good sensitivity was selected and used in the subsequent enzyme layer

preparations.

The effect of total enzymes to BSA ratio at the optimized G/T value was investigated
and the obtained data were presented in Figure 3.24. The highest sensitivity was obtained
with enzyme layer with the total enzyme % (w/v) ~ equal to BSA %. Either lower or
higher enzyme to BSA ratios resulted in lower sensitivity. In the first case, the decreased
sensitivity could be attributed to the low enzyme content in the enzyme layer whereas in
the second case the decreased sensitivity could be attributed to inefficient enzyme

immobilization because of the decreased BSA content.
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The further optimize the construction of the enzyme layer, the effect of total amount
of the optimized-enzyme mixture was studied as well and the obtained data were
presented in Figure 3.25. Although the sensitivity was enhanced with increasing the
amount of enzyme mixture within the tested range. the 15-uL aliquot was selected as the
best compromise between high sensitivity and short response time (r9s% = 90 sec). Larger
amounts (e.g., 20 pL) could be nicely used for applications that require more sensitive

determination of SA but on the expense of a relatively longer response time (~ 3 min).
3.4.4 SA biosensor response, stability and reproducibility

The operational stability of SA biosensor was evaluated by comparing the calibration
plots obtained over a period of 8 days with two batches (3 sensors each). The obtained
data were presented in Figure 3.26. A slight enhancement of the sensitivity was observed
within the first 4-5 days in both batches and this could be attributed to the conformational
relaxation of the crosslinked enzymes.!""® A slight decrease in sensitivity was observed
afterwards due to the gradual loss of the enzyme activity. Data presented in Figure 3.27
showed the three calibration plots obtained with wider concentration of SA. Sensors
showed linear response up to ~ 3.5 mM and a slight deviation from the linear response
was observed at higher concentration. The stability ot SA biosensor time response was
shown in Figure 3.28. The sensor showed excellent steady state response stability which

was attributed to the careful optimization ot the enzyme layer construction.
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Within batch reproducibility of SA biosensor fabrication was assessed by comparing
the response sensitivity obtained with different sensors from prepared similarly in one
batch. The data obtained (Figure 3.29) showed CV of 11 % (1 = 3). It was believed that
such good reproducibility attributed to the novel utilization of the microporous PE
membrane as support for the enzyme layer, which allowed reproducible enzyme layer
thickness and positioning in the proximity of the Pt electrode surface. The reproducibility
of the same SA biosensor was assessed by repeating the sensor calibration for three times
within the same day. The data obtained (Figure 3.30) revealed excellent reproducibility,
which would decrease the necessary calibration frequency. while maintaining the

measurement accuracy.

To complete, the characterization of the SA biosensor response, a multipoint
calibration at low micromolar range was performed under the optimized condition and the
data obtained were presented in Figure 3.31. The calibration plot showed excellent

linearity (r = 0.9998) with SD ot 0.067.

3.4.5 SA biosensor selectivity

The inherent problem of the hydrogen peroxide anodic detection system is the non-
selective oxidation of other species. likely to be present in the sample solution, at the
relatively high-applied working potential necessary for oxidation. Several approaches

(6,15 However,

have been developed to overcome this limitation as discussed before.
electropolymeric films provide many attractive features, such as self-limiting coverage to
the electrode surface, generation of very thin layers (~ 10 nm), strong adhesion to the

electrode surface, ease of thickness control by changing the polymerization time, and

convenience of automation.
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Ideally, the polymeric films should have 100% permeability for the hydrogen
peroxide signal molecules and reject completely the penetration of the interfering
molecules. The poly(m-PDA) inner layer previously described!"'® was adapted in the
present work. Typical cyclic voltammogram for oxidative electropolymerization of m-
PDA from stirred 10 mM PB solution is shown in Figure 3.32. The process was totally
irreversible, no reduction current was observed on reversing the potential scan. The
decrease in the current was attributed to the polymer growth on the electrode surtace and
hence the monomer molecules could not penetrate through the film. The modified
platinum electrodes with poly(m-PDA) showed favorable retention of the hydrogen
peroxide signal (~ 90 %) obtained with the same bare platinum prior to the modification
(Figure 3.33). The rejection properties of the pol(m-PDA) inner layer towards AA. AAP
and UA, which are potential interfering species for hydrogen detection in biological

media, were shown in Figure 3.34.

The reliability of SA biosensor was further assessed by comparing its response to SA
dissolved in PB and in bicarbonate carbonate buffer containing 5 % BSA and the highest
physiological levels (~0.2 mM) of each of AA, AAP and UA, respectively. The later
solution was used to mimic the complexity of the human serum matrix. The data obtained
and presented in Figure 3.35 showed the selective sensor response towards SA regardless
of the complexity of the sample matrix. In this experiment, the SA recovery was only

96% and could be attributed to the experimental error in pipetting such viscous sample.
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3.4.6 Application of SA biosensor to real biological samples

Finally. the reliability of the developed SA biosensor for measuring both free and
bound SA in real biological samples was assessed using two Epotin samples, from
different batches, and a single whole blood sample from a healthy volunteer. In principle.
neuraminidase enzyme could be co-immobilized along with NANA-aldolase and PO to
construct a total SA (free + bound) biosensor. This suggests a future separate extensive
investigation to optimize such three-enzyme sequence biosensor. In the current assays of
total SA, the neuraminidase enzyme was added to the sample as soluble enzyme in PB to

catalyze the release of bound SA.

Epotin is a protein drug that contains only bound SA (=210 mol SA/mol
ervthropoietin). Therefore, SA biosensor was not expected to show response to this drug
unless neuraminidase was added to the sample as shown in Figure 3.36. The assay of
Epotin samples from two different batches gave 15 and 40.7 mol SA/mol of

ervthropoietin. Analysis of the same batches by the pharmacopoeia method!*> '%*)

gave 13
and 37 mol SA/mol of erythropoietin, respectively which agreed very well with the

results obtained with the SA biosensor.

Figure 3.37 showed how free, and total SA could be determined using SA biosensor
alone or and a combination of SA biosensor and soluble neuraminidase enzyme. Since
pyruvate is a common substrate in human body fluids and can cause interference in this
enzymatic assay. a biosensor for pyruvate was developed and used to measure pyruvate in
real samples. This biosensor was prepared by replacing the NANA-aldolase in the sialic
acid biosensor by BSA. The sensor showed excellent steady state response stability and

linearity up to 0.6 mM (figure 3.38). The pyruvate biosensor was used as a blank in

o N



measuring TSA in real samples. The values of the pyruvate and TSA in the blood sample
of the healthy volunteer and the serum sample of the cancer patient is shown in table 1

below.

Table 1: The values of pyruvate and TSA in blood and serum samples for a healthy

volunteer and a cancer patient.

Samples Pyruvate Conc (mM) Total sialic acid (mM)
Healthy volunteer 0.372 1.539
Cancer patient 0.327 2.114

0.,
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3.4.7 Additional approaches used for enzyme immobilization

Two other immobilization methods were tested parallel to the GA crosslinking. i.e..
covalent immobilization using Ultrabind membranes, which already contain aldehyde
groups, and a chitosan layer activated with glutaraldehyde as described previously in the
experimental section.. However, the obtained responses of SA biosensors prepared using
these immobilization methods were very poor compared to the response obtained with
crosslinking with GA and BSA. This conclusion was confirmed by the data presented in

Figure 3.39.
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CHAPTER 1V

CONCULSIONS




4. Conclusions

Several conclusions could be drawn from the presented work are as follow:

(i) The dual enzyme system (NANA-aldolase-PO) could be coupled successfully with
the amperometric transduction of hydrogen peroxide to develop novel electrochemical

methods for the assay of sialic acid.

(i1) The developed flow injection system allowed for simple determination of sialic

acid with adequate sensitivity for direct determination of SA in real samples.

(ii1) Preparation, characterization and application of the first biosensor for sialic acid
was presented. The sensor represented a reproducible, fast, simple, and inexpensive

way for sialic acid determination.

(iv) The advantages of the presented sialic acid biosensor suggest its wide use as a

screening tool for quantification of blood SA and to monitor tumor therapy.

(v) Assay of sialic acid in more blood samples will be carried out to further

demonstrate the reliability of the presented sialic acid biosensor.
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